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given to the alloys. . Compounds of importance, like, the oxide. and chloride, 
for the manufacture of the metal or of the alloys: heve becn considerede 
The use of the oxide in rofractories pnd in the glass and porcelain 


industrics. has been onitted. 
‘The present survey is critical; that is to- say, on attenpt has been 
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at is worth while.at the very. beginning.of this report to. emphasize 
the sinilarity of zirconiun and berylliwy as the netallurgy of both netals 
is almost identicel,. This will be seen in the description of the reduction. 
methods for the chloridc, oxide, and double fluoride, as. well as the fusion 
electrolysis. of the compoundse. Idens used in the metallurgy of one of 


e . 


these netals are generally transfereblo to the others 


756 -2- 
ea gle 


Lie (54k 


a a 


©. EXTRACTION FROM THE ORE 


The chief problem in the treatment of zirconium ores is the de- 
composition of. the silicate, ana@.it was found that most processes described 
in the literature refer to. the treatment of silicate. The methods OF. 
| decomposition of the ores aey be. erTaeee into the por towing groups: . 

ay, Volatilization of siaaca. 
| 2, Acid ‘treatment. 

3. Fluxing. With alkelies. Pe | 

kh, Fluxing with. sodium sulfate or sodium bisulfate, 
5. Chlorination. 
S.. Reaction with hydrofluoric acid or. fluorides. 
Te apece ere eee ee: | 


Volatilization of tne: ainica. ae 

ee eae steered that silica is “ariven off. ea acon ig nieieea: 
sown wiih: carbon in‘an‘arc: furnace.’ Moissan(16) also described a 
volatilization which he, however, thought. was that. of .zirconium oxide. 
Thomson(21) volatilized Si05 in the arc with’ carbon, Matignon(15) showed 
that zircon dissociates at 1,800° C, and that at 2,126° C, the dissociation 
is complete and pure Zr05 pomalne behind; he Woe ked in absence of carbon. 
These methods were neglected until recently, when Kinzie and coworkers(11,12) 
patented methods” Tor the thermal dissociation of. zircon combined with -the 
similtanéous- ‘préparation of either silicon carbide or zirconium carbonitride 
using 6arbon resister furnaces’ of. the type employed for making silicon 
carbide. Since the ‘carbon, resistor ‘furnace operates.in a reducing .atmos- 
phere, the reduction of Zr05 to 4 lower oxide geems to be almost, impossible 
to avoid; the treated product has to be roasted in air to obtain 2rdp. 
Kinzie claims that in this way an oxide better than 98 percent pure.can 
be made from siliceous ore. Recent publications of Zint1(26,27) indicate 
that the silica can be driven off as silicon monoxide, ‘either by mixing the 
ore with silicon and heating at a high temperature or by, operating with 
this mixture in &@ vacuum at. lower. temperature. -The volatilization of Si0 
has been frequently reported, and it fs probable that in’ the reduction of 
zircon with carbon at high temperatures. this. compound: is produced from the 
silica either directly | or by reaction. with silicon. : 


Acid Treatment | : 


The acid cxcncneat of “the ore recommended by Marden and Rich ae 
start from a material that has been suitably prepared for attack by acids. - 
Suggestions have been made to” sinter(L7)-the-ore-or to melt(1&) it with 
calcium oxide, gypsum, or calcium chloride(8); or to quench it from high 
CIDE ee ee As ‘to the acids used, sulfuric or hydrochloric has been 


es. 


Figurcs in parentheses refer to items in the Bibliography at the end 
of this circular, 
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recommended by Trapp(22) and by Schnid(18). The sulfates are roasted, and 
the waste SOo may be reclaimed as indicated by Auer(6). Extraction with hydro- 
chloric acid offers the possibility of separating iron and aluminun by the 
formation of Zr0C15.8H20, which is easily precipitated from concentrated 
nydrochleric solutions. The conditions under wnich this compound forms 

have becn investigated by Schnid(18) and by Simonova(19).. A combined 
hvdrochloric-sulfuric treatment is recommended by Franco—Brezilienne(7). 
Uliman(24) has reviewed the processes for extracting zirconium fron ores. 

He states that in the sulfuric acid process the ore is treated in the forn 
of fine powder witn hot sulfuric acid 182. The solution is diluted and 

the silica filtered off. Sulfuric “cid is then sdded and the solution 
concentreted to crystallize iron-frce sulfate Zr(SOy)o~ 4H50- The crystals 
are redissolved anc precipitatcca as basic sulfate 2r1,( $0) 2(0H)1 9015 H00. 
This salt is roasted to oxide. Alternatively the sulfate may be precipitated 
with Ko5s0y as the complex double sulfate of votassium of the formula: 


( Zr0S0,,) 36K p80). +8Hp0- 


Fluxing with Alkalies | 


. Fluxing with alkalics is commonly used for making zirconium oxide for 
the enamel, glass, and porcelain industries, which want a product containing 
sone alkali(13).. In melting or sintcring with alkalies, zirconate is 
produced in adecition to silicate. Is:mcrial Chemicals(9) recommends a 
treatnent with sulfuric acid after fluxing. Bozgel-lioletra(3).suggests 
treating the zirconate solution in on nutoclave under pressure to nycrolyze 
it. «cia decomposition of the zirconate is zenerally recommended by Auer(5) 
and by Kar1(10).. A veriation of the lene fluxing nethol is given by the 
Ceramic Incustry(4); it proposes to flux the cro with sod. ash and borax, 
dissolve the sociun zirconate-silicate ne formed in water leaving the iron 
and titanium bchind, then crystallize to separate the zirconate from the 
silicctee Ullmann(24) describes the alkali-fluxing »rocess as follows: 

The ore is nclted with 90-94 percent Wa0H at 50° G. Sodiun silicate goes 
into solution on lesching, and a sodium silicozirconate renains undissolved. 
By prolonged leaching, nore sodiun silicate is cxtrsctccd. The resicue is 
hycrolyzcad, filtered, and cricd, It yiclds an oxide of the approxinate 
composition: 80~84 percent Zr02, 812 percent Sido, 4-6 percent Nap0, 

which is suitzcodle for use in the enarel intustry. 


Fluxing with Sodium Sulfste and Sodium Bisulfate 

The fluxines of zirconiun ore inith sodiun sulfate and bisulfate has been 
fully cescribed by Marden and Rich in Bureau of Nines 3ulletin 186, elreacy 
cited, anc no furthsr progress has been nace since. 


Chlorination 


Chlorination of the ore offers some striking advantoges for the elinin- 
ation of inpuritics, since iron and alumina can be clinminntea by precipitatio: 
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of the zirconium as oxychloride, while the retention of silicon anc titaniun 
can be avoided by using a heated condenser. Alexandrov(2) stucied the 
chlorination of ore after adding carson. he ovtained a 90-vercent 
chlorination in 6 hours at 800° 0. Teichnann(20) provoses to chlorinate 

the ore ani to use the hydrochloric acid formed in the hydrolysis of the: 
Zirconium chloride to leach the undecomposed residues. after. a thermal. 
treatment. | 


Reaction with =vdrofluoric Acia or Fluorides 


viothin: can be added to the methods of breaking down the ore with 
hyc.rofluoric sci, alkali fluorides, or Cato + HoSOy as described by tlarden 
and Ricwe pa ae eS 


Miscellaneous Processes 


- Among the miscellaneous processes the chlorination of the, carbide looks 
most promisinge ‘the carbide is sold at reasonably low cost, and its 
chlorination is said to be easy. : Some authors clein that it can be ‘done 
below 5009 C., and others that. the chlorination temperature depends on the 
physical condition of the carbido. The comercial product is generally - 
about 88 percent zirconium ané contains up to 6 nercent Al, Si,, Fe, and’ Ti 
combined. Silicozirroniun (ndout 38 vercent Zr), which is the cheapest. 
zirconiun alloy, can also be chlorinatct., but large cuantities of 5iCl), | 
are procuced as a byprotucte Ferrozirconium is available at low cost,. but 
the scnaration of nuch FeClz fron 2rCly, constitutes a problem in itself. 
Carbon tetrachlori¢ce permits chlorination of the ore at low.termncrature, 
but the cost is hish. Sulfur chlorice has also been sugeestod, since 
it works at low tenveratures, but separation of the sulfur compounds from 
the ZrCl), offers some Cifficultiese These methods are discussed in detail 
under section 5, Zirconium Ealidese | _ 8 | : 


The treatment of cudialite is the subjoct of patents by Yuz'ko(25) 
end by Agriomati(1l). The zirconium content of the ore may be extracted 
with HCl anc. then precipitated from the slichtly acid solution with S05, 
or the ore nay be brought into solution with etree S05 and zirconiun 
precipitates. or oes : ‘ 


Little iaeocantion is available ebout the removal of inpuritics contained 
in solutions,. bcyonc what hes been pudlished by Marden and Rich.. Bosel- 
iialetra(%3) ovrifies the precipitate ofter igniting -t 400° C. by extraction 
of the iron witn HOl. Removal. of the iron by nascent hydrogen or ferro= 
ferri cyrnicics is recommended. The provlcms involven in the separation of 
hafniua herve been cerefully investigatcc, but since hafniun does not 
interfere with most uses mace of _ the veer or its SSune thonre is no great 


intercst in sucha Soper eto Re: ia ee : 
is je PRODUCTION OF z1RCoNTW voma, ‘ 
Hastory - -_ | | 


Berzelius(30) in 1924 ace ree fluoride with sodium 
and obtained a zirconium powder, probably mostly lower oxide. Troost(63) 
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repeated his e:ecrincnts in 1665, cnd in acdition used the following: 
methods: Reduction of grseous ZrCly with sodiua or magnesiun, reduction 

of NaCl~ZrCly with eithor magnesium or sodiun; recuction of 2iaF-Zr¥, . 

with aluminum, ona fusion electrolysis of double fluoride and couble chlo- 
ride. He obtained an amorphous metal having a specific gravity of 4.15, 
lnciesting that it may have becn lower oxide only, and a brilliant crystal— 
line material, made by aluninun recuction of double fluoride, which. was 
sostly alwiinide and was contaninatec. with 6 percent Al and 3 percent Si. 

In the fusion clectrolysis of the double chloride. or fluoride he obtained 
sone brilliant metalvarticlcs in the form of crystals which were readily 
attacked. oy watere Ucither Berzclius nor Troost nace a pure netal that 
displryod mallesbility anc corrosion resistence. The first.to make such 

a natorial vere Lely an’ Hamburger(53) in 1914, who immroved the 014." eun- 
barrel" nethor. oy operating in a senled pressure bonb. They obtained fron 
the renction of resublimcc. zirconium chlorice and sociun a nallecble netal | 
in pelletse 


“oiss(71) trie¢ in 1910 to drive off the aluninum contained in the 
metal nace by recuction of the.cousle fluoride with aluninun, by renelting 
the netal in an Arsen vacuun furnnce and also in - vacuun are furnace; but 
the actal, although it was 99.5 percent pure, was still brittle. These 
experinents vere repenter. in 1921 oy tinrden cne. Rich(55), who also used 
the Arsen vacuum furnace and obtained results similar to those of Wejss. 
The same authors succceded in neking - 90.5-percent netel by aluninun 
reduction of the oxide with the atdition of chlorctes, but the yield was 
poor and the metal brittle. It was not until 1925 thet van Arkel; de 
Boer, and Fast introducec the iodice dissociation method, derived fron 
sinilar methods alreacy use¢ for moking boron, silicon, or tungsten fron 
chlorides as was done by Yeiss.e They used a hot wire slowing in en atmos- 
phere of iodide, wnich is nore readily Cissocistcd than tne chloride. For 
the first time a compact, mallerbleo netal was obtained that Cisplayed the 
real provertics of the clement, anc the fact was fully recognized that the 
enbrittlonent was caused by the presence of siinute quantities of gases, 
nainly osgcn ond nitrogen. | | | So 


At vresent, zirconiun ietel is produced commercially in this country 
by three co:menies: The Foote Mincral Co., Philacelshia; the Titeniun 
Alloys iisnufacturing Coe, Niagara Falls, N. Y.; ane the Mctal Hydrides Co., 
Beverley, tiasse The last two firms also sell master alloys. 


The main nethods for making the netal, as cescribcd bv the literature, 
are the reduction of: 


le Chlorie or double chloride with sociun, ocalciun, or nagnosiu. 
2e Oxice with calcium, magnesium, or aluminum. 

3. Double -2lk-li fluorices with sodium or aluminum. 

4, Oxice with carbon or the carbide with oxide. 

5. Double fluoride or double chlorite by fusion electrolysis. 

6. Aqueous solutions by electrolysis. 

Ye Halices by the hot-wire cissociation method. 
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Reluction ot Chloricec or Double Chlorice with sociun, Calciun, or Magnesiun 


Lely on* Eomburger(53) meade malleable zirconium in pellets by recucing 
freshly sublimed chloride with sodium in a bonb. Their ecuipment was 
superior to that of Potzus(59) who worke* with a similar nixture. The Lely 
method was uscd leter by Hunter ani Jones(4S), ond it is still cmloyed 
comiercially in this country. Db -e_to the.enormous pressures which are. 
moncnt2rily cevcloped the size of thesc bonbs is small, :nc the mcthoc has, 
therefore, somc definite limitations. - 

The negncsiun reduction of the chloride or double alkali chlorite, 
which wos introduces by Troost(63), has been reecntly: inproved onc. made 
commercial br von Zenpelin(67). A nixturc of HeOL=Zr01), and magncsiun 
turnings is heated in an iron pot by applying the heat slowly to the dottom. 
The mixture nclts auictly, partly by the hent of reactions Tne clear salts 
on top (NaGlel! gClo) are decante’. fron the black botton cake containing 
the metal. The latter is broken UW, le‘ches with water, leached with HCl, 
and dricd. Yiolcent explosions may takc place when zirconium is dried, 
even in a vacuum, and von Zeppelin(67) gives special advice on how to get 
a nonpyrophoric material in this oneration.: The elimination of the magnesium 
is almost comolete, desnite the fact that it alloys with zirconium as shown 
by ilowotny(56). Magnesium-zirconium alloys of ‘any composition can be © 
made.in a similar way. In his ='rench natent, von Zeppelin ‘suggests the 
use of a vacuum while reducing plain Zr(Cl), with magnesium, ~hich is the 
same method already described by Cooper( 3H) for the sodium reduction of ZrCly. 
‘Reduction of Oxide with Calcium 


Maenesium, or Aluminum 


The calcium reduction of the oxide proposec. by Wedekina(68) and used 
later’ by Ruff(61) and by Kiernan(49) has been checked by de Boer( 40). 
Kiernan(49) describes also the vacium degassing and sintering of zirconium 
powder. Kroll(52) developed the calcium reduction method by overating 
under argon in a calcium chloride vath at substantially atmospheric pressure. 
Not all the oxide can be reduced, because of the equilibrium between Zr05 
and calcium, so that the metal retains some oxygen and becomes brittle. 

A metal better than 99.5 percent-can be made in this way. Alcuxandér(28) 
recuces the oz:ide with calcium hydride in a vacuum. The advantages of this 
metnoa compared with the cirect reduction with calcium are not apparent, 
and the resulting metal is brittle, like that made by direct celcium 
reduction. liarden and Fich(55) made a 99.5-percent metal by aluminothermic 
reduction-with chlorate addition, but the yield was voor. The magnesium 
reduction of the oxide in-a sealed vessel as recommended by Marden(54) does 
not seem practical, since ignited magnesia is very difficult to remove even 
with strong ccid and there is no eee fusible solvent available for 
fluxins magnesia. _ os 


Reduction of Double Alkali Fluorides with Sodium or Aluninun 


~ Reduction of the double fluorice with sodium wss tne standard process 
for making a high-purity metal in Europe until calcium-reduction of oxide. 
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ws substituted. Scdiun reduction produces a very fine, colloidal metal, 
De eae! studied this lest nctnod isk ae ee 

ATi nus Hoduetiou of ens. @oupie fluoride Beraace by “‘Wedss(71) and 
by ‘Hardon on? Rieh(55) yields aluninide of various cémpositions. The 
aluminas can be criven ost at hich temperrture in a vacuun, but the netal: 
renains | orittle. ~~ -* - 


Reductidn of Oxide with Cardon or Carbide with-.Oxide 

Carvon recuction of the oxide produces, when oocreting with a carbon 
deficiency, « natcrial containing intcrsversed metal, according to Dawihl(35) 
an’ Bozcl-i-cletra(31).° The formcr cleins that a mixture of carbide and 
netal is ee netal contains only 70 pereont zirconiun but could 

be refince a Cad Leyors 7 
ee auggeste’: eae etal oxices be allowed : to eae with eeebiee 
ina TEU Anong tnose suggestcd are zirconiun an” colunbium. Recently 
Balko(29) ‘confirmed. that the’ latter nctal- enn be nade in such & nanner. 
meee for’ zirconiun, AOWOVONs are 1s eee | o_o 


‘The benetion vetween enrbon- and, Zr05 on ee mad, by”: Friedrich 
and Sittig(46), who found.a reduction half way to the cormound ZrO when 
operating at 1,200° GC. Above this tcmpcrature they obtained: carbide. 
Previous authors doubtless have becn mistaken bv the appearanco of lower 
oxides which look like a.metal. : | 


Reduction of Double Fluoride or Double Caloride 2Y Fusion Blectrolvsis 


Fusion siweteolele of the double fiuerico,, as suggested by eeosetees): 
has been revee tteclv recommended by sudscauent investigators like Marden 
and Rich(55) and Drigzs and Lillicnéahi( 42). Oxidco hes to be nddcd te 
avoid nnode effect snd as a result, much lovcr oxicc or colloid is nade. 


| Fusion clectrolysis of the Couble chlorive, ms reconnenced by Troost(63), 
has recontly been used agoin by Plotnikov(58), who worked also in an A1C13- 
KCl-NaF bath an? acded Zr0o. His metel provadly was contaninated with 
aQluninume His best metal was 92.9 percent, indicating the »nresence of lower 
oxide. : : | 


Ped ucyaGn of Agucous polutiens oy wilcctrolysis 


Anucous cloctrolysis hos Seen tric oy Bract end Linforda( 32), who 
Pear a girconvl-sulfate onth the most successful. Little hovc can be gsecn 
for this mctho”’ cue to the great chenicel activity of zirconiun. 


Reduction of Haliccs by Hot-wire Dissociation liethod 
Hoali-.c Cispocietion nethocs ccrive fron yrevious atternts to cissociate 
chlori“es, lic those of boron(69) an@ silicon, in an are or spark; this 


was also : one in the vrescnce of hydrozon as a reducing agente Weiss( 70) 
sod tho hot-vire method to reduce tungsten chlorice. The reducibility 
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of “2x01, on a ot wire has ‘been contested by van Arke1(65) ‘oftor Fischvoigt( 45) 
hac obtained .sone denosits.. Tacse Ceposits were attributed by van Arkel 
to nitrices, oxides, or carbice cue to impure hydrogen used in thd ‘experinent. 
Burgers(33), however, showed later “that oy substituting a zirconiun wire 
for tungsten ond by oporating at hign temperature zirconiun coulc be grown 
on the wire. Tungsten forms a low-nelting eutectic ‘itn zirconiun, which 
makes the use of tungsten impossible at such high temperstures as those 
required in.decomposition of the chlorice. Pure tantalum has been nade 
oat by -dissocintion of the chloride. ee 

The nerit or ‘the processes of van Arkel, de 30er, and Fast of thé’ ‘Philips 
plants in Hollanc. is the use of the iodide, since this compound is nore 
_reatily dissociated than the chlorice. The method is-described in a nunber 
of publications (38, ‘41, 43, 57, 64), ‘ant it has been extended to titaniun 
and hafniun. Ee | 


Methods for Making Malleable Zirconiun 


Lely ane. Esnburger(53) were the first to profuce malle-ble zirconiun,. 
They’ ermloyec resubdlimec chloride which they recuced with sociun in a 
bomb. Such a methol ern be used for making malleable metal if one takes” 
care that the chloride is not cxposed for any length of tine to the noisture 
of the air, which will renct quickly with the soli’? chloride particles 
due ta, their lerge surface an? introduce oxygen. The irregular pellets 
produced cannot be vrocessed by power netallurgical acthods but could be 
renelted in a vacuum arc furnace as has been done with titaniun(50).. 
However, thc bonb methor has definite limitations as to size, and it Coes 
not seen posable to improve the process in this BEeOr Ss eM ae! i 

Tho Philips process(57) develoved by va an Arke( 65) Ant de meee and 
Fast(41) permits production of a nigh-purity mallcablc metal by dissociation 
of the iodice. This method also has cefinite limitations as to tno size 
of the cquipment, since the necessary current input is a function of the 
dianeter of the tire, which increases as tae. operation procecdse feat 
Cissipation ‘oecoues eee thick Maree and heavy currents. — 

The sspeuteLenent of. zirconiun - is due, as. shown by van Arkel and 
associates, to the vick up of minute quantities of ‘gases, mainly hydrogen, 
nitrogen, and ox7gen.a. The gnses sare introduce’ in the usual recuction 
processes cither by hancling the reaction mixture at clcvatec temmcrature 
-tin éontact ‘With air, by usin impure neble grges as a seal, or by the aqueous 
nethec.g used.in ‘extracting the cowder.- 1 The. oxite skin on finely Civiced 
vpowser mey be sufficient to cause exbrittlement. In oxi“e reductions the 
equilibrium involved ceuses’a pick.up of oxide by the retuced metal. 

“The role of the incivi@uel eases:.as a: contaninent of zgirconiun is 
ceseribed in the literature as follows? 


Hydrogene — The behavior of hy@rozen is also describe’ in chapter 6 
of this article. Van Arke1(66) states that all of the hydrogen can be pumped 
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oft at. 1,500° Co in a good : vacuum an’. the netal brought back to nalleability. 
The action of } rirogen on the transformation point has becn studied. by’ de 


- -- Boor( 36)... Hs4 ee ‘en shifts the transformation: point, slightly to higher 


temperatures anc makes it pore sluggishe The solubility of hydrogen increases 
suddenly at this vointe. Hoge(47) examinee the system hydrogen—zirconiun © 
by X-rey 1 1ethod.s and found five phasose The a ae in 
olpha zirconiun is 5 atonic percent. = er ee 
ee Oxygen in fairly aves aoaate foes gets eee the. hoé’ ; 
malleability of zirconiun, but the metal is brittle in the cold state. A 
lower oxide is fornec, and according to Fast(44)- 40 atomic.vercent..oxygen 
is soluble in. zirconiun. It shifts the trensfornation: point: to higher .. 
tenperatures ani nekes the transformation sluggish. . This has becn shown, 
by Schulze(62), Zwikker(72), ane ce Boer(39).. The last states that oxygen- 
free zirconium has a sharp transition point at 862 + 5° C., while it may. 
be shifted to 1,150° C. an@ more by the presence of oxygen, as shown by 
resistance measurements, and the temoerature. interval. fron the start. to. 
the end of the transformation incroases eongttorepiys _~ 


Sayeed’ may be intcoadead by annealing, nainly with thin chotionay & 


-- @ue to back diffusion of the oxide skin into the metale Van Arke1(66). 


showed that this could:be partly avoided. by pickling with HF before 
antealing. According to de Soer(37), the oxygen can be shifted’ within a 
wire of zirconiun Dy passing a direct current through it at a temperature 
of about: 1,500 °G. ‘The oxide mizrates to the anode by nelectrolysis", B. 
phenomenon shown by some other authors with other alloyse | on 


Witrogen.e -  aiteosen: according to Zwikker(72), ‘also shifts the 
transformation. nointe: Fast( 44) studied the influence of this gas and 
- élaims that it is not released by heat. However, van Arkel(66) thinks 
that emall amounts at least are given off at elevated temperatures in @ 
Teccy : ae _ = ‘ : 
Other Thpurities, - . The. anbritevenent of ‘gi reofium by nongaseous 
alloying elements has been studied superficially. De Boer(40) finds 
_ that silicon is harmful while van arkel(66) thinks that small amounts of 
silicon as'well’as “iron may be tolerated, Van arkel(66) states that 
aluminum makes malleable alloys. - The same author shows that titanium, 
which forms sdlid solutions over the whole range, hardens zirconium. 
, Hafnium’alloys are'ralleable, Tin should be. avoided, The hot malleability 
of zirconium fis probably not impaired by nunerous other metallic additions, 
since the netal ‘most. likely behaves in this regard like ti tantum(51). 


. 4. STRONTIUM aLLoxs 


aecent bavecticcticn deals with alloys of heavy ‘and light metals 
with zirconium, with equilibriun diagrams, X-ray structure, mechanical 
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propertics, corrosion, and uses." The last will be considered pasts here, 
partly in chapter 7. 


The nost interesting. ziréoniun Alloy are those’ with copper, which 
are age~hardenable as well as’ “¢6dd* conductors of electricity; those with 
Magnesium, wnich have good mechanical. proverties, high elongation, and 
excellent corrosion resistance}; ‘and those with iron and silicon, used as - 
scavengers for ets and for. grain, control.’ br peardige in his oe 


Co er=Zirconinn Alloy a ee 
In 1929 Allibone ‘and 8y% ise(T5) Ciualéda nunber of zirconiun-bearing 
alloys, anong which they exanincd . copper-zirconiun with. up. to: 20 percent 


Cie In particular, they. chacked | the nicrostructure, Srinell - ‘hardness, : 
tensile. strength, elongation, | and the age-hardening propertios, 


| Hense1(101) paterited “such ‘alloys. ‘and. ay ine that the Os 93 percent 
i ase hardens by. aging |: as follows: when. quenghad. fron - 950° c., it. 
2 Kardness of Rockwell B10; after aging @ hours at 450° , the-hardness 
sonata to Rockwell B 59. The conductivity as ee was i percent; 
when aged 16 hours at 450° C, it was te percent. Sia 


Pogodin-Schunoval 125, 126) stuiied ‘the Sein sie aigeren and propertics 
of the Cu-Zr series. They confirmed the existence of the compound CuzzZr, 
which melts at 1,138° C, and forms a eutectic with 12.90 weight—percent 
zirconiun, melting at 980° (C..:-The solid solubility of zirconium in copper 
is 1 percent at 980° C., 0.28 tperaent.ai 600° C., 0.07 percent at 400° Ce, 
and only 0203 percent at 300°-G. “A quenched alloy with ‘1 percent zirconiun 
doubles its hardness on aging. The 1.8—percent CueZr elloy reaches — 

a srinell hardness of 60 after agings 


To obtain naxinun aging effects, Yarrington(98) recotmends double 
aging after colé stress. : Se a «g ; 


Ternary ona rae coaboneuy alloys have been patented in: great nunbers. 
the well—known age-hardcning agents used for copper heve been conbined with 
zirconiun, and a nunber of these alloys have renarkable Properties. 


Comstock(88) shows the beneficial effect of zirconiun additions to 
vervyllium copper, to which it immarts a greater strength at elevated | 
temporaturese Uensel(102,104) describes how additions of cadmium, silicon, 
lithiun, and magnesiun improve copper-zirconiun alloys. Cornbinations of 
cadniun and zirconiun are especially recommended; an cxarmlc is 0.9 ' 
percent Cd and 0. 56 percent Zre The following table gives the properties 
os such an alloy in the aged, conditions ‘As a basis for comparison, the 
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second column lists similar data for a 2,25-nercent baryllium alloy tveated 
for maximum electrical conductivity according to Wilkine(154), : 


TASLE 1, — Comparison of zirconium-copper 
and berylliym-copper alloys 


Zr—Cd-Cu Be~Cu 
Hardness, rockwell B...... cee. 81-87 ., 111 
Hlectrical Conauctivity......,. 78—81 percent 32-38 percent 
Tensile strength. ..ccccceccoseege, 78,000 p.s.le.. 160 ,O00—180 ,000. p.s.i. 
ViGld POIs. ccswcsasicecewess 75,000 ~DsBvis 
Blongation in 2 inches....ceenr. ll. percent 4—~8 percent .. 
Brinell hardness at 125° C,.... 148 ae 3 
Brinell hardness at 350° C..... 119 


As to specific multicomponent alloys of the ne base, 
the following cake nays been ade zzom the. literature’ 


Seri (136) pues sets posi un Saas tiene wath a Goreaaa Be. Se) a 
ratio, Wickel additions ina certain Nij-:-Zr ratio are nnenoeda by . 
Nippes(119). Many combinations are patented by Hensel(102), especially 
those with iron-group metals, also those with beryllium, lithium, and tin 
for welding elcctrodes, Analogous claims are made by. Kelley(108) regarding. - 
age-hardenable alloys with anon ne soUy metal additions for electrical 
apparatus. se Pita 3 . 


Philips(122) advises the use of binary copper-zirconium alloys with 
0,025 percent Zr for wire in tube:.manufacturing, since these alloys 
display about the same conductivity as copper but have 1.5 times me tensile 
strength, 7 

Quaternary copper-zirconium-nickel-aluminum alloys, as proposed by 
Nippes(119),: with 24 percent Wi, 1,15 percent Zr, and 2.6 percent Al, 
reach, after aging,’ a tensile strength of lle, oy Lb. oe square nce with ° 
18,5—-percent clongation, 


Methods for production of copper-zirconium are patented by von 
Zeppelin(147), who reduces ZrCl4 mixtures with magnesium in a copper pot, 
which he submerges in molten chlorides or flux, and melts down either by 
the heat of reaction or by additional heating. Belozerskii(81) makes 
these alloys by fusion electrolysis in a chloride-fluoride bath, using 
copper as a cathode and melting down the readily fusible eutectic, which 
he collects at the bottom of the cell. Similar propositions have been made . 
before for titanium—copper. 


Magnesium-Zirconium alloys 


These alloys are quite promising, since zirconium is a powerful 
neutralizer for iron; this effect is used to increase the corrosion 
resistance of magnesium alloys. However, since zirconium also has other 
strong intermetallic affinities, it may react back with other constituents of 
the alloy, and the iron neutralization may be reduced. Therefore, a special 
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composition is required if the full iron neutralization effect is to be 
obtained, Zine is said to be neutral against zirconium, while aluminun 
and manganese react within the magnesium alloy, Zirconium also increases 
the elongation and tensile strength of magnesium by grain refining, There 
are difficulties in introducing zirconium into magnesium, probably due to 
skin formation on the reduced zirconium particles, 


The equilibrium diagram magnosium-zirconium has been studied by 
Nowotny(120), who found an unstable compound MgoZr and a wide range of 
solubility, The solid solubility is 0,8 percent et 700° C. and 0.3 
pereent at 300° C. ‘The corrosion properties of these alloys are described 
in his paper, Sauerwald(134) patented an alloy with 2. 1 to 5 Percent Zr. 


Methods for introducing zirconium into numaeeins are deseviben in 
the patent literature, Sauerwald(134) stirs the zirconium into freezing 
magnesium in powder form, Von Zenpelin(146) uses zirconium in a flux, 
or ZrClq4 dissolved in a flux, which reacts with the’magnesium alloy while 
stirring, Magnesium-Electron(113) proposes introducing the ZrCl4 in form 
of molded pieces of definite density. 


* The heat treatment of magnesium-zirconium alloys is the object of 
some patents by Sauerwald(133). It is difficult to bring the zirconium 
homogeneously into solution in the alloy, « heat treatment at 150° to 
600° C,, preferably at 450° C, for 8 hours, causes dissolution, 


In complex alloys, care has to be taken that the zirconium is not 
neutralized by other clements, I. G. Farben(105) claims that the metals 
Al, Si, Sn, :m, Co, Ni, and Sb have to be absent, while useful additions 
which do not react with zirconium ere Zn, Cd, Ce, ag, Tl, Th, Cu, Bi, Be, 
Pb, and Ca. This restricts the use of zirconium essentially to zine bearing 
nagnesiun alloys. 

The grain-refining action of zirconium is used to impede the coarsening 
influence of other metals such as beryllium, Société Alais Froges (Gauthier) 
(93) advises the use of Be-Zr additions to magnesium alloys, the former 
metal having the property of reducing burning curiae casting. 


The corrosion properties of magnesium alloys with cadmium and zirconium 
heve been studied by Obinata(121). Corrosion resistance of Mg-Al alloys 
is stressed in a patent of Alliazes autoprotdées(74). The grain refining 
action of zirconium is mentioned by Beck(77), 


Aluminum=Zirconiunm Alloys 


These alloys do not seem to be of special interest as materials for 
construction. The binary series have been studied by allibone and Sykes(75) 
who also studied the mechanical properties, and the aluminum end of the 
series has becn checked by Fink(91), who determined the crystal structure 
of the compound algZr, The solid solubility of zirconium in aluminum is 


0,28 atomic percent at 660,5° C. and only 0,05 atomic percent at 500° 6, 
Canac(87) suggests the use of Al-Me-Zr alloys with up to 3 percent 


zirconium for corrosion resistance, 
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The? Licht” onission of vurning Al-Ng Alloys, with’ zirconiun additions 
has boon exominca: by van Lierpt(141), onda ‘patent. Dy. Sarbcy( 132). concerns 
the sano subject. Such’ alloys, when rolled or ‘draw: to fine scctions and. 
flnshed. in a bulb with sone oxygen, develop hore visiblo. light than ies 
nagncsiule 


A nunbder- of aluninun-zirconiwi alloys! nang ie tp in es, 
are described * oy Gnelin 95) + Ie ae ees Sia | 


~~ 
e 


; tireoniun vith fi. sana: hae or alaninun is maliedblc, ond grid wires 
of this composition have been proposed by Philips(123) for vacuun tubo 
constructions =." oO : | 


’ : . 
: ’ ° awe FO, rs ’ . 
syt eles : ‘ / . is . . ! } a : 
: ‘ eo at ‘ . se ye e . o coef. . “~ 


Silieon-2ipeontus Alloys 


et Oe ee ee 


< 


‘Thosd eat base are uscd asé ‘ gervengers - for ‘steole: anid: ‘in senbinseton 
with boron to control the grain size and improve the mochanical properties 
and the decp harcenings They are also used to produce "free—nochining"™ 
sulfur:steclse: The compound SieZr has-been identified. by.x-ray antlysis. 
Litera ture ‘rofers: neanay to i aad ote hee cole id of these alloys. 

Worneeeacle); Sea and. eee Teter oCile): -oxanined: 
the methods of »nroduction. The main difficulty in carbon reduction in 
the arc furnace is the formation of -zirconium carbide, which takes place 
because-of: an-equilibriun between silicide and .carbon‘when the silicide 
reaches :e . composition of nore than 50 nercent Zr The ‘carbide’ formed — 

can be reacted with elther silicon or silicice -conteining more stlicon 
than zirconiun; according to Becket(80). Frosh-ore rich in:Si0o can 
also be usede The aldition of calciun carbide or lime permits the © 
yroduction of alloys higher in zirconiun, but these contain some calciun. 
This method, described by Rennux( 129), id-rccomnenc.ed by BézelMaletra(85) — 
and has deen: chocked by Yolkert(145). The carbon content can be held be- 
low 1 percent. The technicel product usually contains 38 percent :zirconiun, 
1 percent -luninun, up to 5 nercent iron, and the remainder silicon. 
Aluninun rcduction is also possible, as show by Jcljutin(106), anc silicon 
itself. can bo uscd to reduce zirconin, as shown-by-to aekind( 151); 2 although 
SiO cormounds may forme The zirconiun recovery of these- Oe SURE TRONS, was 
generally below 50 percents - ne ae . 


An@ricux(76) nate the silicide by fusion electrolysis of silicates with 
Zr0o adcditionse s , ‘i ‘ Lg an 


Deoxidizing acai with iron-zirconiun and- silicon have been patented 
by Becket( 79). | re hie es me ae | 
Zirconiwa Carbide |. oF eae = nae 


a'-- 


Tha fora tion of thie esasount ie becn seundea by. Bropat(138), : 
Moissen(117) (who identified it)’ Vedckind(151,152), Hartnann(99), iott(118), 
Fricdrich(92), and "Icigs(153)... Generally on arc. furnace, was. used, and 
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calciun carbide was nddod. Accorcing to Renaux(129), zircon ore ean de 

fused with colciun carbide to form directly ZrC; no calcium remnins behind. 

He used 20 parts of ore, 12 parts of Cad, anc 7 parts of carbon. Ata 

tenncrature as high as that vrocuccd in the arc, silicon carbide coes not 

Oras or if it.cocs, it brenks cowme Even iron and sone aluninun volatilizes. 
@he technical Drocuct contains about 8&6 vercent zirconiun, 12 perCony carbon, 
ant. the rest. “silicon, titeniun, aluninun, end iron. 


Theo emuiiibriun between Zr0 anc. carbon h»s been checked by Prescott(127), 
who foune. on equilibrium pressure of 1 atmosphere at 1,657° C_y The 
pronertics of synthetic carbide have been, studied by Hcjersson(115) and nore 
specifically vy Becker(78). ‘The latter examined the aethods of production, 
structure, density, hariness, strength, nelting point, volatility, clcctrical 
conductivity, and nngnetic anc. Opticel propertics nninly in connection 
with possible uses in sintered haré metals. Van Arket(140) obtained the 
carbide vy cissociation of 2rCl), on a hot carbon. fileicnt. 


Zine-Zirconiun Alloys 


Tho equilibriun @dagran has deen exanined by Gubharet(94) who found 
no comound, but determined the solubility in the licuid state. The solid 
solubility of zirconiun in zinc is only 0.02 weight-percent at 400° 0. 
There is a eutectic point at Oc«ol nercent Zr, and the meltins point reaches 
1,200° C. at 3 percent Zr. Those alloys seen to be of no interest. 


ZirconiumtIron Group Metals 


The iron zirconium equilibrium ciagram has been studied by Allibone 
and Sykes(75), by Vogel and Tonn(144), end by “Wallbeunm(149). There is a 
compound FezZrp forming a eutectic with Fe at 16 »ercent Zr and 1,330° C. 
Resistance measurements as well as hardness tests, have been mide by Sykes. 


The ternary diagran Fo-Zr-0 examined by Vogel(143) shows that the 
carbon is tice un by zirconiun, which cxlrins the pronosal to use zirconiun 
as a stabilizcr in 18-8 steels. eee to Thun( 137), the action of Zr 
is not fevorz-vle for this purpose. 


. the ternary @iacran Fo-Zr-S, establishea by Vogel(142), ciscloses the 
strong sulfur cffinity of zirconiun. Tuere is a niscibility gan between 
the sulfice and the iron. A compound, Zr85, forris which has a nelting point 
od. 1 150° Co 


Some uses of girconiun alloys with an iron base are nentioned in the 
patent litcrature. Combinations of Fe-Ni-Zr with about 16 percent zirconiun, 
which corresson’s to the cutectic, are recommended as welding naterial for 
liquicd-air tanks by Lentz(112). Armor plates containing carbon and zirconiun 
are claimed by Soehler(82). iegnetic alloys containing iron and zirconiun 
in addition to nickel are mentioned vy Roaffles(128), Alessander(73), and — 
Kruvp(111). Zirconiun evidently pleys nere the same role as titaniun. 
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Zirconium—iron master alloys are used in the steel industries as de— 
oxiders and desulfurizersand for grain control. Boron may be added to 
ea deep hardening properties in the treated steels, 

‘Sulfur bearing zirconiun steele are S "free cutting," as cencwa by 
patel: | 


_ The nickel-2irconiun equi libriun atagram has been Auwostiee ved by 
Sykes(75), who also studied the hardness of the alloys. A compound NigzZr 
has been found, Wallbaum(149) also investigated this system. Pilling 
‘.(]24) attributes the aging of ternary .Fe-Ni-Zr alloys to the solid solu 
BEL ty of Mig2r in nickel. | | 


one to the uses of these alloys, thoy have becn pivcoeed by ee 
for. cutting tools, for instance in the following compositions: 71-78 per— 
cent Ni, 3-4 percent Si, 6-5 percent Zr, 4-12 percent ‘, and the rest Fe. 
These alioy were ‘made by aluminothermic reduction of ore. Thefr hardness 
is cvidently due to the presence Of intermetallic compounds. Wickel-.. 
zirconium is proposed by Bosch(84) as a sparkplug material. De Boer(90) 
recommends its use as electrodes in lamps, duc to the good strength espoci- 
ally when hot. Rohn(130) claims cxhaust valves of the Ni—Fe=Co-Zr com. 
position, Degassing of nickel castings with zirconium has been examined by 
Hengel (103), Bocker(83) . recommends hard alloys with zirconiun addi tions, | 


Te cobalt-zi rconiun equilibrium diagran has been investigated by 
Koéster(109) and by Yallbaun(149) ; the lattor’states that a compound Co4Zr 
exists. The considerable magnetism of this compound was checked, McElroy : 
(114) proposes combinations of Co=Cr-'-Zr with 2 to 10 Peo zirconium ag 
cutting tools, dice. TEA. Greeters Ne auteet dedeee o 


The qhanganese~zi rconiun systen has been studicd by Wallbaum(149)- who 
oe the compound . Mazar, , : . 


| heed deboine Alloys 
ed Alloys of the ‘tineeten group with ‘girconiun have been investigated, and 
& compound of the composition ZrWo has been found, Alloys with 10-50 per- 
cent tungsten are said by Kamishima(107) not to oxidize. Goyler(96) pro- 
poses W-:io-Cr~Zr mixtures for centrifugal éastings, and Eensel(100) makes 
welding electrodes. out of W-Mo-Zr alloys. Schaefer(135) suggests tool al~ 
loys with zirconium, tantalum, and tungsten—group. metals; Braid(86) proposes 
the same for dental alloys. Krol1(110) advises the use of similar alloys 
for light reflectors. as studied the compound ZrBeo, Platinum al- 
loys with high corrosion resistance are mentioned by Ruthardt(131). alloys 
with 1 percent tungsten were made by ‘iartenberg(150), who reduced Zr0o with 
ary hydrogen in presence of tungsten. powder at 2,500° C, and 5 atmospheres 
“pressure, JZirconium-titanium and. zirconium-hafnium form sélid solutions 
over the whole sine de range, as shown by van arke1(139), 


. 5. . ZIRCONTUH ‘HALIDES - 
Zi rcontum’ Chloride “ 


Zirconium chloride may be used for making the metal and its alloys 
as well as for preparation of the oxide, It can be made by chlorination 


, 
@. 
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of the ores mixed with carbon at temperatures -bove 700° GC, The ore can 


be chlorinated cirectly with carbon tetrachloride or with sulfur chloride 
at lower ternpcraturese | 


Zirconiun carbide can readily ve chlorinatec with chlorine at temperatures 
below 500° C., »vut the physical shape seens to influence the reaction 


temperature. Surgess(158) chlorinates with HCl ond clains that silicon is 
not chlorinatat. 


Tho chlorination of the zircon ore has been described by Alcxandrov( 155) 
who obtaincé 2 90-percent extraction of the zirconium at 800° C. in 6 hours 
with a 17e4pcrcent carbon additione Carbon tetrachloride is used by de 
Boer(160) anong others who reacted it with Zr0o. Picon(166) chlorinates 
ZrzSo at 2800 C, The chlorination of the carbide mentioned by Moissan(1644) 
was used by Staehler(172) and by Wedckind(175). 


Rahlfs(167) stuiied the physical properties of zirconium chloride. _ 
It sublines at 331° C. and melts at 437 # 2° CG. under a pressure of about 
25 atnosnherese The vapor-nressurc curve can be expresse* by the fornula: 


10€ Pan = -2600 +,126306 
25 fof 


Fischer(162) gives a melting point of 438 #196. The donsity of the 
vaoor has becn studied by Friend(163), who foufd abnormal behavior above 
500° ¢C. which ho attributes to the dissociation to ZrClz and liberation of 
chlorine. Ruff(168) investigated the reducibility of Z2C1), with metals, 
especially aluninun, and foun? thet with aluminum at 250° ©. a reduction 
to Zr€13 occurred. Above 330° Cs, ZrClo + ZrCl), is formed from ZrC1z; 
above 600°, ZrClo breaks down to metal and ZrClye- Fast(161) found that at 
1,200° C. dichloride is formed by reaction of the metal with Zr0ly. 

The dissociation tempcrature of the dichloride nust be still higher. ZrCly 
can be cAissociated on a hot carbon filanent accorfing to Philips(165) with 
formation of carbide. The reduction of ZrC1), with hydrogen in the presence 
of CO anc with the formation of carbide has teen described by van Arkel(174). 


— 


The vapor pressure of zirconium chloride can be greatly reduced by 
dissolving it in salts which form double compounds, for example, NaCl. 
Belozerskii(156) studied the electrical conductivity of the NaCl—-ZrCl4 
series and found a complex formation. He also examined the melting points 
of thesé series(157) and came to the following results: the compounds, 
4NaCl and 1 NaCl-ZrClq4, are established, an unstable compound, eNaCleZrClyz, 
is probable. The melting points are 535° C, for 4NaCl-ZrClq4 and 330° C, 
for NaCl.ZrCla4. Three eutectics are found at 3909, 2209, and 162° C, 

This shows that a fusion electrolysis could be run far below 500° C, 
using these salts, even below 200° C., with multicomponent mixtures. 
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Zirconium chloride reacts on heating with a nunber of oxides, as shown 
by Troost(173)» Ruff(168,169) examined such reactions and found that the 
oxides of titanium, iron, molybdenum, and tin are decomposed by ZrCly, | 
with formation of Zr0s, Zirconiuri ‘orcs can be freed of iron and titaniun 
by reaction with Zr0ly. Silica’.is not. attacked at’ low temperatures, but . 
at higher ones Zr05 and SiCly, are produced. Glass is’ attacked is ae 

a fact that has eon aoneurodeed Fischer(162). 


‘When age coiged in moneedtrevea hydrochloric acid, the ‘anhydrous 
chloride forms oxychloride ofthe formula ZrOClne8H50- The conditions 
for an almost quantitative pvr®cipitation of this compound have been 
indicated by Simonova(171). A solution with 318 grams HCl per liter is 

recommended. The anhydrous chloride éan be completely dissociated. into 
 oxdde by stean at 1 70"~200" oh _ * | 


= * ¢ 
2 


” The existence : of er er eaeiieeade is admitted by. Schmia(170), 
who “elaims that ‘the oxychloride, ZrOG1962H20, splits above 50° into Zr0o - 
HCl but that in a current of HCY ‘a water-free oxychloride of the formula 
Z2rC1y.e3Zr05 is obtained. The Btsbiitty of an oxychloride Zr0Clo up to 
300° 6. is stated by Ruff(16s). ° The — of anhydrous chloride by 
drying a solution of Zr0ly and igniting i HCl seems, therefore, not to 
promise. success, since only a part of the aides oxychloride yields 
anhydrous chloride. Ruff(169) studied the reduction of ZrCly by Al, 

As, Sb, Po, Sn, He, Sneha Mey dnd states that Mg reduces the orth to 
i 21136 ; 
De Bocr(159) reveals some intcresting properties of Zr0l1y, which 
forms double compounds: with PCr. fhe compound 2ZrCl) .PC15 boils at 
416° €. ‘hen PCls is melted with ZrCli, SiCly if present is drivon off. 
The double. aircon! uc pisephorus’ compound can be distilled off, anc iron 
and aluninum stay behind as less-volatile double. chloride with phosphorus. 
The zirconiun double chloride can 20. decamposce. with Na0k solution. 


peenonitin Todide:ane Brortide 
* These. compounds are of intcrest only insofar as they may be used 

in the dissociation wrocess for making the mctal.e The dissociation of 
the tetraiodide has beon stucicd by Fast(161). Tho physical propertics 

of ‘tetraiolide and bromide are the subject of an investigation by 

Rahlfs(167). The iodide melts at 499 + 2° C. and eublimes at 431° ¢,, 

and the bromide nolts at 450 £1°-C, and-sublimes at 357° C. Formas 

for the ‘wapor-pressuro ee ture relation are Given. © 


{ on 


oe “OTHER ZIRCONIUH couPOUNDS: 
Sulfides. - Sulfides have been sneestieated ie enctesetote and 
Picon(182).« The first found the following sulfites, whick he examined by 


X-ray Ciffraction: — Zr8z, 2rSoy Zr5o. and lower sulfides. Picon mentions 
27385 ant BS 28 Be 3 nas” the. sulfides "com op oxide ané. Fes: atl en aaliees Csi 
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while Strotzer used ZrCly, which he reacted with HoS. Strotzer.mcasured 
the cissociation pressures of the higher sulfides. 


Phosphiccse ~— The phosnhices have been made by Strotzer(185), who 
gives the following compositions: JZrPo, ZrP, and subphosphice 2raPe 
The dissociation pressures of the higher phosphices have been measured. 


Nitride. — Becker(178) examine@ the nitride and studied its physical 
propertiese Friedrich(180) vrepared the nitride from oxide and carbon in 
e. nitrogen atmosphere at 1300° C, He produced ZrN with 79.3 percent Zr, 
1l2e3 percent WN, and 1.5 percent insoluble matter. Cyanonitrides are 
recommended by Comstock(179) to introduce nitrogen into stecls. 


Hydride. = Zirconiun readily absorbs hydrogen when heated in this 
gas with onbrittlement of the metal, but it gives it off asain at elevated 
temperatures Sieverts(183,184) studicd the equilibrium oressures between 
metal and hycrogen at eclevatad tempcraturese At 900° Q., tho isobar at 
1 atmosphere shows a rapid “rop, in’icating release of most of the hydrogen. 
According to van Arkc1(187), the gas can be clininatee completely at 
1,500° ¢. in a good vacuum. The naxinum absorption of hydrogen corresponds 
to the fornula ZrH) 99, The equilibrium pressure is 104mm. Hg at 200° ¢, 


and 752 nme Hg at 8009 O. The heat of formation of the compounc ZrH is 
38e9 Cale The X-ray structure of the hydride has been studied by Hage( 3481). 


t 
Hagg discloses five cifferent phases in the 2rd, systome Five atomic percent 
hycrogen are soluble in alpha girconiun. The hydride is of some interest 
_ because of the uses which have been suggested. . 


Alexander(176) describes the vroduction of zirconium alloys from the 
hydrice by reaction with oxides. Alloys, Lt¢t.,(177) sugzests eriploying 
the hydride for sintering metal »nowlerse Tho hydrice is usec for gettering 
in tube manufacturing; it is sprayed on and thermally dissociated in the 
tube itself. The hydride seems to be less pyrovhoric than the metal and. 
it-is shipped dry, while the metal is usually preserved by wetting with 
alcohole Zirconium getter coatings have excellent heat cissipating prope . 
erticss 


7» USES OF ZIRCOHIUM AND ITS COMPOUNDS ° 


lictallic zirconiun is availablc in two forms, nalleable and non—- 
malleeblee The former is quite cxpcnsive, and only snall amounts are produced 
commercially; the nonmalleable powder sells for about $7 per pound. 


The main uses of zirconium in alloys have ‘becn described in chavter 
4 of this surveys Master alloys with a copoer base are available commercially. 


The getter properties of zirconium are used in lamp manufacturing, 
as cescribec. by Fast(197). Zirconium may be applied in powler form or as 
the hydride to parts that will be heated while the tube is working, or 
such parts may be nade cirectly of zirconiun netale Vierkoetter(215) uses 
the metal for gettering tubes. Telefunken(211) operates zirconiun parts 
at a definite tomperature in tubcs containing hydrogen. De Boer(195) and 
Philips(205) suggest its use and that of aluminwm-bearing alloys for grid 
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wires in vacuum tubes and for the parts of discharge tubes exposed to high 
termcraturese Light Notals(204) and Hukogawna(200) describe the getter 
vronertics of zirconium in “ctaile . Esye-Knol2(196). shaw wherg zirconiun 
coule. be usct in tubes. Since zirconiun rearily retzuces alkaline earth 
metal oxdics, it enn de used ns a reducing agent for bariun and sinilar 
hletals which in thenselves have 5006. gottoring epope rec ee oe shew he van 
Arkol(213). os 7 oe ee 


The oxcellent.light. reflection of seeconiiins neat sugcests its use 
for mirrors, accorcing to S sine(209). The All=<emeine Eloktrizitats. 
Gegellschaft(1@9) has shown that zirconium onuseé néreury to wet the: surface 
of iron voilets. 7 ‘ 

Duc to its oxise skim pineoniues nay ne used as. an, electrolytic cenden- 
ser for rectificrs, according to Philips(206). Phin Loyers of zirconiun 
‘offer srent electrical: resistance, necoréing to porltes\e03): 

<3 the ‘dod it Br iceion of yurning: mreoniin in the visiblc eae of 
the spoctrun sugscsts its use “in. Flashlight vow.ers and photoflash bulbs. 
Since 2105 ig not volatile, the netal was-usec. for smokeless flashlight 
powlers before the introtuction of bulbs. ‘Yodvkind: and Krebs(216) mention 
the use of ginconiun nctal mixtures with nitrates. Van Lierrmt( 214). stusied 
the Licht emission of. zirconium elloys; Philips(207) patentec the use of 
"the netal in-bulbs. Sardcy(210) operate’ with alloys in nuch the same way 
as ee but Forrest(196) usea. a hyt rico in. flash powlors, - 

Biseoniun is not suitable oe spinnorets, “althouch’ it- has Soak: 
recommenced by Philips(20&). In ceneral she’ ‘00d corrosion rosistance against 
-hyé@rochloric. acie suggests the use of zirconiun ‘etal in chemical @quipment. 
Gillett(199)_ sugsests the specific use for the concensntion of hydrochloric 
“acids he also cescribes tRe neghanical nroperties of the netal. 


| Zirconiun porter imites at nbout 2109 GC. aon hes been reconricnded 
as.a vriner for arnrunition by Cham>ors(193). The’ difficultics in handling 


+ -girconiun powder, which is vyrophoric and usunlly shipped moistened with 


water or alcohol, nay.be. overcome bi packing it in novle gas containors Qs 
claincd by Aloxander(188); orgenic coatings are also recommended. — 


Zirconiun hyéri@e ney be added. to, netal powlers thet are to be sintered, 
ag shown by. Jones( 201) and Alloys, Lié.(190)3 the. nascent hydrogen is said 
to assist very effectively the sintering. Balke(191)  mrocceds in a sinilar 

way, but a3 VACUI« | : 


Fie hos Dveen susgesten as Oo esis for bneete a; nolybdenun, and 
tantalun. . Yon Aricol( 213) tells of tho use of the metal in | photocells, as a 
filter of X-rays, an” for cleetricel « contensers.e - 

The use of zirconiun oxi’ .© in the yorcolain industry, for enanels, for 
high diclectric insulators, as an ac“ition to titanium oxide dielectrics, 
for crucibles, onc in the glass, iné lustry is the subject of ao large nunber 
of publications, ‘hich will nat be taken up here in ony Cetail. Youngnan(218) 
gives general infornation along these lines. Due to its high melting point, 
2,715° C., Zrdo is uscd in refractorics. .It has been proposed for crucibles 
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by Thomson(212) among others, but such crucibles generally break upon 
heating, probably due to an allotronic modification; the addition of MgO 
is said to help avoid this disadvantage. Zr0, is used as a flux in small 
quantities in the form of zircon ore, according to Kinzel(202), to liquify 
basic open—hearth furnace slags. The use in enamels(13), for high 
dielectric: porcelain(217),. and in super-dielectric rutile insulators is 

of consiceyable interest. The heat conductivity of zirconium oxide is 
said to be as low as that of quartz, ahd in addition’the thermal expansion 
is verv low(1¢2)...: According to Cohn(194), zirconia can be fused to a 
transparent giass of slightly yellowish tinge} it has very great hardness 
and outstanding resistance to chemical agehts, and resembles fused quartz. 
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1665, ppe 109113. ae aes eee 


f 


Reduction of Zr01}, aoe with Al, Na, or He; reduction of the ‘double 
fluoride with Al; reduction of the double chloride with Mg or Na: 
fusion electrolysis of the double fluoride and the double chloride. 


VAN ARKEL, A. 3. Darstellung von hochschmolzonden Metallen durch 
thormische Dissociation ihrer Verbindungen. Metallwirtschaft, vol. 
13, 1934, poe 405-H08. rr a 


Dissociation method. 


, Darstellung von reinem Titaniw:i, Zirkonium, Hefniun; und 
Thoriumnctall. Ztschr. anorge Chen., vole 148, 1925, vp. 345-350. 


Dissociation of iodides; mixture of ZrCly , Ho, and CO used. 


.  - 


——, Reine Metalle. Julius Springer, ‘Berlin, 1939, pe 203. 


oe BOS 


Google 


67. 


68. 


69. 


10. 


ile 


{2-5 


756 


I.C. 741 


VON ZEPPELIN, H. Process for Producing Zirconium Metale Ue S. 


: Patent 2,214,211, 1940; iianufacture of Alloyse U. S. Patent 


2,250,687, 1941; Darstellung von Zirkon. German Patent 704,933, 
1939; Prevaration du zirconium. French Patent 847,196, 1939; 
Darstellung von Zirkon durch Reduktion von ZrCl) mit Magnesiun; 
Metalle Erz, vole 40, 1943, pp. 252-254. 


United Statos patents refer to the use of a definite ratio of alkali 
and chloride in the production of the metal, and the melting of — 
the container in producing clloys. The foreign patents concern 


the use of a vacuun in, the preparation of the metal. 


WSDEKIND, E., end LEWIS, S. J. Studicn Uber das Blenent Zirkon, 1. 


. Lieblige Ann., vol. 371,°1909, np. 366-389; Studien uber das Elenent 


oe Il, Licbigs. Anne, vole 395, 1913, pp. 149-194. 


Part 1 abeérines the reduction of 2 KF ZrFy, with nagnesiun, 


and part II the reduction of Zr0> with calcium in an iron tube 
end the properties of. the nyride and nitride. 


YEINTRAUB, E. Preparation of Boron and Zirconium., British Patent 
25 033, 1910. . Lt 2 , ; - 

Zirconiun chloride and hydrogen introduced into an Arce 

W2ZISS, Le , Verfahren gur Herstellung leicht ziehbarer Metall 


Niederschlage und zur Darstellung verformbahrer Drahte und Rohre. 
German Patent 314,791, 1919. 


A hot wire method for the deposition of metals with or without 
the presenco of a hydrogen atmosphere; the dissociation of 


’ tungsten chloride referred to a but all volatile 


compounds used in general. 


WEISS, Le, and NEUMANN, E. Darstellung und Untersuchung regulinischen 
Zirkoniuns. Ztschr. anorge Cheme, vol. 65, 1910, ov. 248-278. 


An aluninide made from alunminun and the double fluoride of zirconiun 
treated in a vacuun arc. 


ZIIKKSR, Ce. Transfornations of Zirconium and Titanium. Physica, 


The action of oxygen on the transfornation pointe 


» 
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girconiun Alloys 


73~- ALEXANDER, P. P. “ZArconiun pore Alloy. U. Se Patent 2,184,769, 
19396 ra cae | | | | ° ) : , 


Fe~li-Co=Zr negnets heate-trented eeieee. 


z . 2 
» 5 w » ° ° o 6 


74. ALZIAGES AUTOPROPEG ts. Aluninum-Magnesium Alloys. British Patent. 
5039953, 1939. 2 | | 


Corrosion-resistant alloys of magnesium, zirconiua, and aluminun, 
with 0.05 to 3 nercent zirconium and 10 to 96 percent magnesiune 


Sd ‘ att ¥ 


75- AULLIBOWE, T. Eo, and SYE'S, C0. The Alloys of Zirconium. Jour. Inst. 
Metals, London, vole 59, 1928, np. 173-189. Also, SYKES, C. : The 
Alloys of Zirconiune Joure Inste Metals, London, vole li, 1929, pp. 
179-1906 eo Se a ee | 
Alloys Ag-Zr, Al-Zr, Cu-Zr,-Fe-Zr, Ni~Zr. 

76. ANDRIEUX, J. Ls. Preparation de composes binaires par fusion ignée. 
Congre chins Fancy, vole 18, pte I, 1938, ppe 124-127; Chems 
Zentrale nite IT, 1939, ne 3023. 


Fusion electrolysis of a mixture of silicate and Zr056 


T7- BuCK, As iiagnesium und seine Legierungen. J. Springer, Berlin, 1939. 
Reference bdook on magnesiun alloyse | 

78 BACKER, Ke (The Physical Properties. of High Melting Compounds. ) 
Physikale Ztschre, vole 3, 1932, pne 185~198.. 
vature of zirconiun carbide; its structure, censity, hardness, etce 

79. BECKOT, F. Ne (Iron Alloy Cons vated Hasentecaly of Iron, Silicon, 
and Zirconiun.): German Patent 400,199, 192k. 
Zirconiwiriron-silicon alloye 

80. BeCKST, F. tie Process for Producing Zirconiun: Alloys. .-U. S. Patent 
1,996,037, 1935. British Patent 427, O76, 19356 


React ZrO with fresh ore rich in Stitea or with silicone 
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BELOZERSKII, N. Aw, AND OTHERS, (Alloying Columbiun, Zirconiun, 
etce, with Iron, Chromiun, etc.e) Russian Patent 54,976, 1939; 


Chen Avse vol. 35, 1941, p. 2802. 


Fusion electrolysis with metal cathode which dissolves through 
eutectic formation; a chloride-fluoride bath used. 


_  e 


BOEELER, GEBR. (Steel for Objects with Hich Resistance Against 
Dynanic Stress.) Austrian Patent 154,648, 1938. 


Carbon steels for shells and armor platés. 


BODKER, J. G. Hard Alloys. Uritish Patent 499,763, 1939.° 


- 


Carbides and nitrides with a dinder. 


BOSCH, Re (Electrodes for Electric Discharge.) Swiss Patent 
1979195..1938- 


Spark-plug netal with 0e01-0.2 percent Zr; 0.01-10 percent Mn, 
and the remainder Ni. 


BOZEL—NALETRA, SOC. IND. PROD. CHIM. (Making Zirconium Alloyse) 
French Patent $18,473, 1937< 


Calciun carbide added in making zirconium-silicone ‘Alloys made 


that are higher in zirconium than in silicon;. ironezirconiun 
alloys also nade. 


BRAID, lie Dental Alloy. U. S. Patent 2,246,288, 1941. 


Alloy of Cr-tio-Co-W-Zr with 0.25 to 3 percent. zirconiun. 


CAIAC, Le He. Alloy. U. S. Patents 2,228,513, 1942, 2,310,214, 1943. 


Corrosion=resistant alloys: Mg-Al-Zr-Ti and Mg-Zr-Al. 


COUSTOCK, G. F., and BAUNOI, R. E.: Heat-Treated Copper Castings 
Alloyed with Zirconium and Beryllium. Wetals arfd Alloys, vole 8, 
1937, po. 106-109; French Patent %36,017, 1939. 


Properties of copper-zirconiun-berylliun ‘alloys. 
-~ 33 — 
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COOPIR, -H. S. ‘Alloy. U. S. Patent 1,221,769, 1916; 1 271s ob, 1918; 
1,272,304, 1918; Canadian Patent 1195 Vely,A9l{s =. 


Nickel-—zirconiun conbinations Gith ne ee as F cutting alloy. 


DE BOER, J. H., and JONAS, G. B. WNickel-Alloy Electrode. Canadian 
Patent hos, 674, 1gh2. 


Alloy for electrodes in vacuun tubes containing: 0. 05 “to 3 percent 
zirconium; the renainder nickel; BART LESS and with 4 tensile 
strength of ou Vee ~6 oer Sq@elNe- : 


FIUK, We Le, and WILLZY,: “Lea Boudlibriun Relations in Aluninun- 
Presonus Alloys of High Purity. Trans. An. Inst. tiny and Het. Eng., 


Vole 133, 1939, pp» 69-802. 


Aluiinun side of tne aluminun-zirconiun equilibriun diagrane 


FRIEDRICH, E., and SITTIG, L. derstellung und Bigenschaften von 
Carvidene Ztschre anorge Chen., vole 1u4, 1925, poe 159-189. 


Zirconiun carbide made fron Zr05 and carbon under hydrogen at 


GAUTHITR, G., (SOC, ALAIS FROGES ET CAARGUE). Aliages du 
magnesium. French Patcnt 829,316, 1938; Berylliun-Containing 
Magnesium Alloys. U. S. Patent 2,224,151, 1940. | 


Grain-refining action of zirccniun. 


GZBHARDT, 5. (The Systens Zinc-Titaniun and Zinc-Zirconiun.) °: 
Ztschre ietallkunde, vol. 33, 19UL, pe7. 


Squilibriun diagran of sirconiwi-zinc. 


é 


GiELIii, Handbuch der onorgenischen Chenie. 8th ede, Verlag 
Chenic, 1937, System 35, ope 835-840. . 


Proparstion, tensile stren; cthy nardness, otce, of aluninurn 


Zgircoriur ALLOYS. 


GOYLDR, A. C. -alloy. Ue. S. Patent 2,213,207, 1940. 


A centrifugel casting alloy of W-iio-U-CreZr, containing 0.25 to 
{ percent Zre 


er. _ 
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97. HANSEN, HM. Der Aufbau der Zweistofflegierungen. J. Springer, 
Berlin, 1936. 


98. HARRINGTON, R. H. Doubdle-Aged Copper—Base Alloys. U. S. Patent 
2,275,188, 1942. 


Double aging of alloys after cold work. 


99. HARTMAN, Ne Le Zirconium Cerbdidce Us. S. Patent 1,576,275, 1926. 


Zirconium carbide produced from zircon in an arc furnace under 
reducing conditions. 


100. HONSEL, Fe. Re Contact. U. S. Patent 2,195,307, 1940. 
Alloy mainly of silver with Ocl to 135 percent zirconium for welding 
electrodese 

101. HENSEL, F. Re ‘Velding Electrode. U. S. Patent 2,097,816, 1937.~ 
Copner—zirconiun alloy with 0.1 to 5 »ercent Zr; mechanical 


prowerties of the aged alloy givene 


102. HEWSEL, Fe. R., and LARSHI, EL Je Alloyse U. S. Patents 2,268,940, 
1942; 2,161,468, 1939; 2,137,281, 1938. Copner—3ase Alloy. 
British Patent 503,753, 1939. 

Copper-zirconiumberylliun welding electrodes with lithiun added 
and with iron grouo metals added. 


103. HOWSEL, F. R., LARSEN, BE. J., and DOTY, A. S. Beneficial Effects 
of Zirconiun in Cast Nickel-Silicon Bronzese Trans. iin. Inst. Min. 
and ict. Enge, vole 143, 1941, pp. 212~215. 


Nickel castings degassed with zirconiun. 


104. HOWSDL, F. R., LARSEN, 3. J., and DOTY, 1. S. Copper—-Zirconiun- 
Cadmiun Sronze. Metals and alloys, vol. 10, 1939, pp. 378-380. 


Ternary copper-zirconiun alloys; Cda-Li-Si-Mg. 


7156 + 35 + 


Google 
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105+ .I,":. FARBEN A. G. isagnesiun Alloys. British Patent 511,137, 
1940; SOCETI. GIRIERALZ DU MAGNESIUM. (iiag saben Alloys) 
#rench ketent S45, S43, 1939. 


Use of Pb! Ca, Zn, Cd, Ce, Ac, T1, Th, Cu, and Bi. and avoidance 
OL! ani Si, Sn, Hin, Co, ni, and Sb. 


106, JELJUTIN, %., and GRIGORASCH, R. Gewinnyng von Silicozirkon. 
Arb. lioskauer Stalin - Inst. Zisen, Noe 12, 1939, pope 59-79% Chem. 
Zentralbe, vole 110, pte 2, 1939, p.4336. sO 


Zirconiurre-silicon alloy made bv reduction with carbon, aluninun, 
and carbon plus silicon; linc was added. 12. 


ee “si 
° 


107. AMI SHITLA, Y; Alloy Containing Zr and \! for Principal Constituent: 
U. Se Patent 1,926,775, 1933; (Hard Hetal Alloy Mede by Fusion.) 
French Patcnt 721, 267, 1932. 


? 


Zirconiumtungsten alloys “ith other metal additions. = - 


108. KELLEY, if. Copper-Baso Alloy. Ue Se Patent 2,169,187, 1939~ 


Precivitation of hardened conver-zirconiumcobalt alloy for 
electrical vurposes. 


109. XOESTER, W., and MULFINCER, W. (The Systems of Cobalt with Boron, 
Sesente, Zirconiun, Coluniun, and Tantelun.s) Ztschr.e Netellkunde, 
vole 30, 1938, PD "3U8-350- 


“Magnetic compound, Conzr, found in the cabal te zirconium systeme 


110. KROLL, W. Titanium Alloys. German Patent 718,822, 1942. 


Ta-Zr alloy for light reflectors; also Ti, Mo, and W. 


lll. KRUPP, F. . Permanent iasnet Alloys. Sritish Patent 5eu,4e0, 1941. 
Fe-Co-ii~Zr magnet alloys with Al or Ti present. 

112. LENTZ, D., and OSKSL, 5. (Solcer for Parts of Vacuum Containers, 
‘Bapecially for Light Bulbs, ‘Discharre Lams, and Rectifiers.) 
German Patents 665,005 and 665,006, 1938. 


Zirconium alloyed with iron or nickel for a welding metal; 16 
percent zirconium. 
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113, MasGNESIUN ELECTRON, ‘Jagnesium-Base Alloys, SBritish.Patent 
533,264, 1941, - ne ; : 


.. Use of molded pieces of ZrClq with a density of 2 to 2,3, 


114, cELRCY, L. a. Cutting Tool, U. S. Patent 2,235,232, 1940. 


. Alloy. of chromium, cobalt, ‘and sapestee with 0.25. to 3 PErcene 
zirconium, 


115, MEJERSSON, G. a. ‘Carbide schwerschmelzbarer Metalle, Seltene 
Metalle (Russ.), vol. 4, No, 4, 1935, pp. 6-20; Chem.. Zentral., I, 
1936, 2520. 


*t 
. e- 


Properties of zirconium carbide. 


116. MISCH, L. (Crystal Structure Examination of Some Beryllium Alloys, ) 
hmetallwirtschaft, vol, 15, 1936, pp. 163-166, 


Structure of ZrBo ae“shown ‘by E+rays. 
117, HOISSAN, H., and LEINGFELD, F. (A New Carbide of Zirconium. ) 
Compt, rend., vol. 122, 1896, pn. 651-654. 


Zirconium carbide made from zircon and carbon in.an.arc furnace, . 


118, MOTT, W. R. Volatilities of Refractory Material. Trans. am. 
Electrochem. Soc., vol. 34, 1919, pp. 275-295. 


Volatility of zirconium carbide. 
119, MIPPHS, BE. F. Copper-Mickel-Zirconium Alloys.- rietals and alloys, 
vol. 13, 1941, pp. 294-300, ; ’ | 


Copper, nickel, and zirconium alloys. 


120, NOWOTNY, E,, WORINES, E,, and MORNEEIN, - Untersuchungen der 
| Sy stems, ‘Al-Ca, Mg-Ca, and Mg~2r. Zeeks. “Netallkunde, vol. 32, 
1940, pp. 39-42, ‘ 


Magnesium-zirconium equilibrium diagram. - 
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OBINaTA, -I;;and-FAYAaSI, §. (Researches on the Complex Alloys of 
Magnesium Based on the Magnesium-Cadmium System.) Tetsu- to — Hagane, 
vol. 24, 1956, PP. Sen 42 | Chem, Abs., vol, 33, 1939, p.4943. 


Corrosion pasietands of cadmium-magnesium-zirconium ee aeerenanrs 
co pou | . 


PHILIPS, F.-V. Gloei lampenfabricken, | Copper Alloys. . French 


Patent 836,017, 1939; Relgian Patent 427,304, 1938; British Patent 
506,330, 1940; cerman Patent 691,138, 1940, 


Copyier-zirconiun - oc conductors with O. 02. to 5 “pércent 


_ mbircontums - 


les, 


124, 


125. 


126, 


127. 
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PHILIPS, N. V., Gloeilampenfabricken, Resictance “tres, British 
Patent 330, 280, 1930, 


Alloy of 1.5 to 2 percent zirconiun with aluminum to. ‘be. used for — 


..): ¢athodes. vacuum: tubes. . 


PILLING, N. B, and a a A. S. M. Symposium of Age 
Hardening, 1939, pp, 231-257, 


Ni Zr age hardening, 


POGODIN, S.-A., AMD OTHERS, (Constitution and Properties of Copper- 
Zirconium Alloys,) Compt. rend. acad, sci. U.S.S. me vol, 27, 1940, 
pp. 670-672; Chem ads, vol, (85, 1941, 1745, 


Equilibrium aisenan of copper-zirconium, 


POGODIN, S. A., and SCHUHOVa, I. S, (alloys of Copper with 
Zirconium.) ann, secteur anal. phys.-chim., Inst... chim.. gen. 
(U.S.S.R.), vol, 13, 1940, pp. 225-232}. Chem, abs., vol, -37, 
1943, p.4350. 


Eouilibrium diagram of copper-zirconium, 


PRESCOTT, C. FR. Jr. The Boul librium patwacs 0 Bnd C ena Their 
Reaction Products at Incandescent Temperatures, Jour. Am, Chem, 
Soc,, vol, 48, 1926, pp, 2526-2550, 

Dissociation pressure of’ ZrCo-C established as 1 atmosphere 

at 1,930°K; crystal structure discussed. . 
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128. RAFFLES, F. (Permanent Magnet.) Belgian Patent 428 870, 1938. 
Magnetic alloys; 10 percent Zr, 5 to 46 percent Ni, 5 to 20 percent 
Al. ’ . > 

129, RENAUX, L. Contribution a 1)étude de la zircone, Diase 
Univ, Paris-Vincennes (Pharmacy), 1910, 

Calcium carbide as a reducing agent. 

130, ROHN WY. Valve Made of Co-Ni-Fe-Cr Alloy. U. S. Patent 2,246,078, 
1941, 

' Co-Ni-Fe-Cr alloy plus or or TH for exhaiist valves in combustion 
engines, 

131, RUTHARDT, K, (Platinum alloys.): German Patent 670,897, 1939, 
Platinum alloys with 0.05 to 5 percent zirconium thet are corrosion’ — 
resistant, stick well to porcelain; and can be ysed for elecenica? 
contacts, -_ 

132, SARBEY, M. D. Flashlamp. U. S. Patent 2,272, 779, 1941, 

Flashlamp alloy of aluminum, magnesium, and zirconium senteinine 
0.5 to 15 percent zirconium, 

133, SAUERWALD, F, Heat Treatment of sein atloys containing 
Zirconium, U. S. Patent 2,212,130, 1940, 

Heat treatment of a magnesium-zirconium alloy at 450° C 

134, SAUERWALD, F, Magnesium-Zirconium Alloys, U. S. Patent 2,286,311, 
1942; Process for the Production.of Zirconium-Magnesium Alloys. _ 


U. S. Patent 2,228,781, 1941. 


Magnesium-zirconium alloys with 2.1 to 5 percent zirconium and a 
method of introducing zirconium powder into magnesium by stirring. 


> 


135. SCHAEFER, C., Tool Alloys: U. S. Patents 2,507,960, 1943, and 
2,301,082, 1942, 


Alloys of Fe-Cbh-Ta=Zr and “-—Ta-Cb-Ti-Zr with 10 to 40 percent 
zirconium used for cutting tools, 


756 -— “39 — © 


Google 


a oe 


136, 


137, 


138, 


7BaA4 


SERI. SOCIETA ANOY. ° PROC. PRIV. IND. ALLOYS. British Patent 


—517,083,.1940, 


allovs of coprer, zirconium, and beryllium, 


THUM,° 3. 2, ‘The Book of Stainless Steel, am, .S0c, Metals, 1935, 
pp. <6l, 441, 


Free-cutting sulfur steels and zirconium as a carbon neutralizer 
and an alloying element, . 
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TROOST, L. Sur la préparation du zirconium et du thorium, Compt, 


. .Pend,, vol, 116,.1894,. pp.. 1227-1230. 2 a. 


141. 


142, 
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"Ternary diagram ‘of Fe-Zr-S, showing the nelting point of .2rSp 
as 1550°C, a 3 | 


Zirconium carbide made in the are furnace from zircon plus carbon. 


TAIT ARV RTD A. E, Reine hetalle, ie Springer, Berlin, 1939, 


Val ARKEL, Al HJ, and DE BOER, J, =, Darstellung von reinem 


Titanium, Zirkonium, Hafnium, and Thoriummetall. Ztschr. amorg. 
Chem,, vol, 148, 1925, pp. 345~350, 


2rClg Yéacted with carbon and hydrogen, ~ 


VaN LINT, J, A, (The light of Combustion of Some Metals and 
Alloys.) Rec, trav, chim, Pays-Pas, vol, 58, 1939, pp. 423-431. 


Flashlight powders of magnesiun, aluminun, and zirconium, 


VOGEL, “R.,; and HARTUNG, A, (Ternary Diagram Fe-Zr-S.) Arch. 
Zisen., vol. 15, 1942, pp, 413-418, 


- 
. 


e- 


VOGEL, R., and LOZHBERG, K, Das System Fe-Feg0-Zr—FegZroe. Arch. 


Eisen,, vol. 7, 1934, pp, 473-478, 


Ternary diagram, Fe-Zr-C, 
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VOGEL, R., and TONN. ". Das Zustandsschaubild Bisen-Zirkon, 
arch, Eisen. ,. vol, 5, “lesi-ae, pp. 387-389. 
Equilibrium afagram of iron-sirconiun, 


VOLKERT, G. Experimente uber die ipa der Zirkonium 
Legierungen., Metall. sales vol, 40, 1943, pp. peceenes 


. » Zircontum-silicon alloys produced. by ‘reduction’ with. carbon; 


146. 


147, 


also with Cals. 


2 oe 


VON ZEPPELIN, 7, Manufacture of Alloys. U. S. Patent 2,235,508, 


1941, 


Zirconium dispersed in a flux, 


Manufacture of Alloys. Ue Ss. Patent 2,200,687, 1941. 


. a with negnesiur in a copper ‘container: reacted ina salt bath, 


148, 
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WAINSTEIN, G. M. Versuch zur Gewinnung von Kohlenstof fhal tigen und 
kohlenstoff-freiem Ferrosilicozirkonium, ietallurg (Russ.), vol, 
13, No. 9, 1938, pp, 17-23; Chem, Zentralbd., vol. 110, pt. 1, 1939, 
p.1640, 


Zirconium—silicon alloy produced by carbon and silicon reduction, 


& 


-WALEBAUM, H. J, (The Systems of Iron-Group Metals with Titanium, 


Zirconiun, cormaet Tantalum,): Arch, Fisen., vol, 14, 1941, pp. 
521-526. - = | ae eee = 

Boud librium diagram of iron-zirconium with manganese, cobalt, and 
nickel. ; 5 eee GS ages 
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WaRTEnsURG, Von Hv., BROY, J., REINICKE, R. (The Reduction of 
Difficultly Reducible Metal Oxides with Rydrogen, ,. Stechr. | 
RICE TOCHEMs; vol. a9y 1923, ‘PP. 214-217. 


ZrOe reduced with hydrogen undér pressure | ‘in presence of tungsten. 
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151, WEDEKIND, E, (Zirconium Carbide from Natural Zirconium Oxide.) 


Chen, Ztg,, vol, 31, 1907, pp, 6546655; Uber kolloides Zirkonsilizid, 
Ztachr, Chem, Ind, fol, , vol, 7, 1910, pp, 249-251, 


Zirconium carbide made in then are, ‘and ‘the combination of Zr05 
and silicon to give Zr0OSi. 


1S2, oo Zur Kenntnis der Darstellung von Zirkonerde, Ztschr, 
anorg, Chen,, vol,:33, :1903, pp, 81-86, | 


Z2rOp and.carbon treated in the are furnace, 


153, WEISS, 1, Untersuchungen ber natirliches Zirkondioxyd. . Ztschr. 
anorg. Chem,, vol, 65, 1910, pp, 178-227, 


zirconium carbide produced from zircon, 
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154, WILKINS, R co 6a BUM", 3. S. Copper and Copper-Base Alloys, 
\' "MeGraw Hill Book Co., Tew York, 1943, pp. 291-293, . DELMONTE, 
J, Beryllium and Its alloys, Metals and alloys, vol, 7, 1936, 
PPy ell-2165, 


Master alloys containing zireoniun, 


Zirconium Halides 
155, ALEXANDROV, G, P, (Decomposition of Zircon by the Chlorination 


Method,) Ukrain,.Chem, Jour, (U,S.S.B.), vol, 11, 1936, pp, 
287-297, °. i re pf 


zircon and carbon mixture treated with chlorine Z2as, 
156, BELOZERSKII, N. 4,, and FREIDLINA, B. A, (Blectric Conductivity 


of Mixtures ZrCl4 and NaCl end CbClg.) Jour, appl, Chem, (U.S,5.R.) 
vol, 14, 1941, pp, 466-468, 


157, BELOZERSKII,'N, ro and KUCHERENKO: Oy. A. (The Diagrams of State 
of the eters ZrCl4g-NaCl ‘and Zr0g-Catls. Jour, appl, Chen, 
(U.S,8,R,), vol, 13, 1940, pp, 1552-1555, | 


Compounds formed with 4NaCl and with 1 NaCl; no solution of Zr09 
in CaCl2, 
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Carbides. made in an arc furnace and’ treated.with HCl. 
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BURGESS, L. Separation of Aluminum, Beryllium, and Zirconium from 
their Ores, Trans, Am, Electrochem, Soc., vol, #7, 1925, pp, 517- 7 
325, ) = 


id g 


DE BOER, J, H, Zirconium, Ind, Eng, Chem., vol, 19, 1927, pp. 
1256-1259, ae 


Extraction from the ore; purification; properties of the metal; 


. the iodide process; double chlorides with phosphorus, 
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161, 


162, 


163. 


164, 
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